pse-5 by Miklas et al. (2009 Miklas et al. ( , 2011 to fit standard common bean gene nomenclature guidelines (Bassett, 2004) .
Recombinant inbred populations are currently being used to characterize, tag, and map the halo blight resistance genes identified by Teverson (1991) . Using a recombinant inbred population, Miklas et al. (2009) was able to confirm that the Pse-1 gene, derived from host differential cultivar UI-3 (Walker and Patel, 1964; Taylor et al., 1996a,b; Teverson, 1991) , conditioned resistance to Races 1, 5, 7, and 9. Miklas et al. (2009) tagged Pse-1 with three sequence-characterized amplified region (SCAR) markers (SR13.1150, ST8.1300, and SH11.800) and used these and other linked markers to locate the gene on chromosome Pv10. Similarly, Miklas et al. (2011) used a recombinant inbred population (RIL) to discover that the Pse-2 gene, in host differential cultivar ZAA 12 (synonymous to A43), had a broader effect than originally shown by conditioning resistance to four additional races (3, 4, 8, and 9) in addition to the three races (2, 5, and 7) already known (Teverson, 1991) . Miklas et al. (2011) tagged Pse-2 with a SCAR marker (SAE15.955) and mapped the gene on chromosome Pv10. Although Pse-1 and Pse-2 mapped to the same chromosome, linkage between them was not tight; however, some degree of linkage was suggested by the significant deviations from independent assortment (15:1 ratio) observed in F 2 populations segregating for both dominant genes (Teverson, 1991; Miklas et al., 2009 Miklas et al., , 2011 .
ZAA 12 also possesses the Pse-3 gene, which confers a hypersensitive resistance (HR) response to Races 3 and 4. For the recombinant inbred population studied by Miklas et al. (2011) , complete cosegregation was observed for Pse-3 and the I gene, which conditions an immune response or temperature-dependent HR to Bean common mosaic virus (BCMV) and a temperature-independent HR to Bean common mosaic necrosis virus (BCMNV). Cosegregation between Pse-3 and I gene was discovered by Teverson (1991) and subsequently reported by Crute and Pink (1996) . Miklas et al. (2011) identified Pse-2 as the second gene reported by Teverson (1991) in ZAA 12, in addition to Pse-3, which governed HR to Races 3 and 4.
The Pse-4 gene conditions resistance solely to Race 5. Teverson (1991) observed this gene in many of the host differentials including UI-3 and ZAA-12. Miklas et al. (2009) confirmed presence of a second unmapped gene, Pse-4, in UI-3 that conditioned resistance solely to Race 5. Similarly, presence of the Pse-4 gene conferring resistance solely to Race 5 was confirmed in ZAA 12 by but not mapped. Teverson (1991) reported another gene, pse-5, in ZAA 12, for recessive resistance to Race 8. Miklas et al. (2011) similarly observed recessive resistance to Race 8, but the resistance completely cosegregated with the Pse-2 gene among 79 RILs (ZAA 12/Canadian Wonder). Miklas et al. (2011) suggested a reversal of dominance for Pse-2, presence of another recessive gene tightly linked to Pse-2, and/or presence of genes modifying the effect of Pse-2 to explain the recessive inheritance at the Pse-2 locus against Race 8. Ariyarathne et al. (1999) identified six quantitative trait loci (QTL) conditioning resistance to halo blight in the recombinant inbred population BelNeb-RR-1/A55. They screened the population with two Psp strains but the race designations were unknown. Fourie et al. (2004) , in a preliminary study, challenged the same population against the nine differential races and observed that BelNeb-RR-1 possessed two race-specific major resistance (R) genes similar to those present in host differential cultivar UI-3. One gene conferred resistance to Races 1, 5, 7, and 9 and the other, gene resistance to Race 5. Fourie et al. (2004) assumed the same Pse-1 and Pse-4 genes were present in BelNeb-RR-1 as in the differential cultivar UI-3, but the assumption was not supported by initial allelism tests. With a long-term goal of genomic mapping resistance to halo blight, we sought to further examine the relationship between the R genes in BelNeb-RR-1 with those in UI-3 and other resistance sources by conducting allelism tests and gene mapping.
MATERIALS AND METHODS

BelNeb-RR-1/A55 Recombinant Inbred Population
A RIL population consisting of 76 F 9 -derived lines from the cross BelNeb-RR-1/A55 (henceforth the BA population) was obtained from a previous study (Ariyarathne et al., 1999) that was used to examine quantitative resistance response to halo blight infection. Preliminary data (Fourie et al., 2004) indicated that the BA population also segregated independently for resistance to Races 1, 5, 7, and 9, and Race 5, as putatively conditioned by Pse-1 and Pse-4 genes, respectively. The putative Pse-1 and Pse-4 genes segregating in the BA population derive from BelNeb-RR-1 great northern germplasm line (Stavely et al., 1989) . The A55 black bean parent appears to contribute the Pse-3 gene that governs resistance to Races 3 and 4 and is linked to the I gene that conditions resistance to BCMV and BCMNV. Both BelNeb-RR-1 and A55 parents were equally susceptible to Races 2, 6, and 8; thus, those races were omitted from this study.
Inoculation
The BA recombinant inbred population was tested with Races 1, 3, 4, 5, 7, and 9. Inoculum (10 8 colony-forming units mL ) was applied to 7-to 10-d-old seedlings with fully expanded primary leaves using the method of Taylor et al. (1996a) . Reaction to each race was tested separately by inoculating 10 plants of each RIL and parent. Likewise, individual plants for the F 1 , F 2 , and BCP 1 populations were inoculated separately with each race. Inoculated plants were kept in a humidity chamber (19°C, relative humidity = 100%) for 48 h before being transferred to a greenhouse (18°C night, 25°C day, relative humidity = 70%). Plants were rated for infection on the basis of leaf reaction 10 position relative to the whole genome sequence (www.phytozome.net/, accessed 5 July 2014) for each of the SNPs on the BARCBean6K_3 BeadChip was used to align linkage groups with P. vulgaris chromosomes Pv01 to Pv11.
Resistance Linked Sequence-Characterized Amplified Region Marker
For the BA population, one RAPD marker found tightly linked (1.4 cM = one recombinant) with a gene governing resistance to Races 1, 5, 7, and 9 was excised from an agarose gel. DNA was purified from the excised gel band using GeneLute Minus agarose spin columns (Sigma-Aldrich) and cloned into the vector pCR4-Topo using the Topo TA cloning kit (Invitrogen) according to the manufacture's instructions. The DNA product was sequenced using the dideoxy-chain termination method, and extended primers were subsequently designed on the basis of the terminal sequences of the cloned marker for conversion to a SCAR primer pair. The SCAR protocol consisted of 20-μL reactions containing 4 U AmpliTaq Gold (Applied Biosystems), 1X gold Buffer, 0.5 µM each forward and reverse primer, 3 mM MgCl 2 , 200 µM each dNTP, and 25 ng template DNA. Thermocycling parameters were optimized and a final profile was used that consisted of a single cycle of 5 min at 95°C; 30 cycles of 10 s at 94°C, 40 s at 65°C, and 2 min at 72°C; and a final extension for 5 min at 72°C.
Other Recombinant Inbred Line Populations
The SCAR marker linked with resistance to Races 1, 5, 7, and 9, segregating in the BA population, was assayed across two additional recombinant inbred populations. The snap bean parents Minuette and OSU5630 differed for reaction to Race 7, with the former resistant and latter susceptible. Subsequently, 77 F 6 -derived RILs from the recombinant inbred population Minuette/OSU5630 (MO) (Davis et al., 2014) were inoculated with Race 7 and assayed for the SCAR marker. Similarly, the black bean parents Raven and I9365-31 were found to be susceptible and resistant to Race 1, respectively. The recombinant inbred population Raven/I9365-31 (R31) consisting of 105 F 5 -derived RILs (Soule et al., 2011) was inoculated with Race 1 and assayed for the SB10 SCAR marker. The inoculations and SCAR marker assays for MO and R31 RILs were conducted as described above for the BA population. The SCAR and other linked markers assayed across the BA, MO, and R31 RIL populations were used to further integrate the R gene loci for resistance to halo blight across the populations.
Allelism Tests
The F 1 and F 2 populations were generated for the cross BelNeb-RR-1/A55 and challenged with Races 1, 3, 4, 5, 7, and 9 to further characterize inheritance of halo blight resistance genes present in BelNeb-RR-1. In addition, BelNeb-RR-1 was crossed to each of the P. vulgaris host differential cultivars (ZAA 54 [A52] , 'Tendergreen', ZAA 55 [A53] , UI 3, ZAA 12 [A43] and Guatemala 196-B) to generate F 2 populations to test for allelism of the respective genes for resistance to Races 1, 5, 7, and 9, and resistance to Race 5 from BelNeb-RR-1 with known genes Pse-1, , in the host differential series (see Miklas et al., 2011) . Plants were inoculated as described above.
d after inoculation on a 1 to 5 scale, with 1 being resistant (-incompatible reaction) and 2 to 5 being susceptible (+ compatible reaction) (Innes et al., 1984; Taylor et al., 1996b) , where: 1 = red-brown necrotic reaction in the area of maximum inoculation; 2 = red-brown necrotic reaction with a trace of water-soaking; 3 = some necrosis but extensive water-soaking in the area of maximum inoculation; 4 = small water-soaked lesions, <1 mm diameter, distributed at random across the leaf underside; and 5 = larger water-soaked lesions, 1-3 mm diameter, distributed at random across the leaf underside.
Genetic Markers
Genomic DNA of RILs, parents, and other lines and cultivars was extracted (see Miklas et al., 2009 ) using the FastDNA Kit (Bio 101) according to the manufacturer's instructions. DNA was only obtained for 66 of the 76 RILs owing to lack of seed germination for 10 of the RILs. The purified DNA was adjusted to 10 ng μL -1 using a NanoDrop spectrophotometer (NanoDrop Technologies, Inc.) before all polymerase chain reaction (PCR) reactions. The RAPD protocol consisted of 25-μL reactions containing 2 U Stoffel fragment DNA polymerase (Applied Biosystems), 1X Stoffel buffer, 0.2 μM primer, 5 mM MgCl 2 , 200 μM each dNTP, and 25 ng template DNA. Amplifications were performed on a Peltier Thermal Cycler PTC-200 (MJ Research Inc.) programmed for an initial cycle at 94°C for 2 min; three cycles at 94°C for 1 min, 32°C for 1 min, 72°C for 2 min; followed by 30 cycles of 94°C for 10 s, 37°C for 20 s, and 72°C for 2 min; with a final 5-min extension period at 72°C. Amplified products from all PCR reactions were separated on 1.4% agarose gels containing ethidium bromide (0.5 μg mL -1 ) for 5 h at 3V/cm constant voltage.
The Illumina Infinium BeadChip "BARCBean6K_3" from the BeanCAP-USDA National Institute of Food and Agriculture-project number 2009-01929 was used to genotype the BA recombinant inbred population with 5398 single nucleotide polymorphism (SNP) markers. Single nucleotide polymorphism genotyping was conducted courtesy of Dr. Perry Cregan, USDA-ARS, Soybean Genomics and Improvement Laboratory, BARC-West, Beltsville, MD, on the Illumina platform following the Infinium HD Assay Ultra Protocol (Illumina, Inc.). Single nucleotide polymorphism allele calling was completed using the GenomeStudio Genotyping Module v1.8.4 (Illumina, Inc.). The SNPs were combined with marker data from a previous mapping experiment (Ariyarathne et al., 1999) . This previous data also included segregation for the I gene for resistance to BCMV and BCMNV. In addition, we assayed the SAP6 SCAR marker linked with common bacterial blight (Xanthomonas axonopodis pv phaseoli) resistance on Pv10 using published protocols . The linkage analysis of SNPs and previous markers and categorical disease reaction to each race (Resistant [R] = score of 1 vs. Susceptible [S] = score of 2 to 5) was performed by JoinMap 4.0 (Van Ooijen, 2006) . A logarithm of odds (LOD) of 6.0 was used to assign markers to a linkage group. The similarity of loci command was used to exclude identical markers within a group. Linkage order of the remaining markers within a group was determined using the default settings for the Regression method. Centimorgan (cM) distances between loci were based on recombination fractions using the Kosambi mapping function. The physical map
RESULTS AND DISCUSSION
BelNeb-RR-1/A55 Recombinant Inbred Line Population Genetic Map
Only 1774 of the 5398 SNPs were used in linkage mapping because they were polymorphic between the parents, had less than 2% missing data, and had minor to no distortion from 1:1 segregation ratios (Chi-square P ³ 0.01). These 1774 SNPs combined with 170 RAPD markers and the I gene marker from the previous study (Ariyarathne et al., 1999) to generate 11 linkage groups corresponding to the 11 P. vulgaris chromosomes Pv01 to Pv11. Only two chromosomes are shown in this study. The Pv04 chromosome possessing 45 markers (40 SNPs, 4 RAPDs, 1 SCAR) and a new gene for halo blight resistance (described below) is depicted in Fig. 1 Davis et al., 2014) , and R31 (Raven/I9365-31, Soule et al., 2011) depicting colocation of major resistance genes Pse-6, Pse-Race 7 (unofficial gene symbol for preliminary use), and Pse-Race 1 (unofficial gene symbol for preliminary use) conditioning resistance to specific races of the Pseudomonas syringae pv. phaseolicola (Psp) casual pathogen of halo bacterial blight disease in common bean. Linkage map for chromosome Pv10 from BA RIL population shows tentative location for Pse-4 gene conferring resistance solely to Psp Race 5. Single nucleotide polymorphism markers have an "ss" prefix; random amplified polymorphic DNA markers have a one or two capitalized letter prefix; BM161 and PV-ctt001 are single sequence repeat markers; SB10.550 and SAP6 are sequence characterized amplified region markers; and markers with "F18/" represent sequence-related amplified polymorphisms.
genes located within an R-gene cluster on chromosome Pv04 David et al., 2009) . Blasting the SB10.550 sequence against the whole genome map (www.phytozome.net/, accessed 3 July 2014) revealed homology with 25 different nucleotide binding site-leucine rich repeat sequences in the proximal region of Pv04 between 0.6 to 4.5 Mb, with 17 of the alignments occurring between 0.7 and 1.5 Mb.
The Pse-6 gene maps between SNP ss649430 (0.51 Mb) and SNP ss649427 (0.59 Mb), which are 0.7 cM apart. This physical map location and tight linkage with SB10.550 SCAR, which in effect is a resistance gene analog, supports inclusion of Pse-6 within an R gene cluster located on the proximal end of Pv04. The divergence for specificity within the R-gene cluster(s) on the proximal end of Pv04 is now expanded to include resistance against the halo bacterial blight pathogen Psp, in addition to resistance against viral Bean golden yellow mosaic virus (BGYMV) Miklas et al., 2006; Ferreira et al., 2013) .
BelNeb-RR-1/A55 Recombinant Inbred Line Population Segregation to Pseudomonas syringae pv. phaseolicola Races 3, 4, and 5
The 72 BA RILs (four RILs were not tested because of lack of seed) inoculated with Races 3 and 4 cosegregated for resistance (60 RILs) and susceptibility (12 RILs) to both races and with the I gene for resistance to BCMV and 1. The genetic distance spanned 52 cM, and the physical distance ranged from 0.98 Mb (SNP ss648135) to 43.2 Mb (SNP ss649823).
BelNeb-RR-1/A55 Recombinant Inbred Line Population Segregation to Pseudomonas syringae pv. phaseolicola Races 1, 5, 7, and 9
Parent BelNeb-RR-1 had a resistant rating of 1 for reaction to Races 1, 5, 7, and 9 and susceptible ratings ranging from 2 to 4 against Races 3 and 4. Parent A55 had susceptible ratings ranging from 2 to 4.5 for reaction to Races 1, 5, 7, and 9 and a resistant HR against Races 3 and 4. Similarly, the resistant RILs from the BA population had ratings of 1 to Races 1, 5, 7, and 9 and hypersensitive response to Races 3 and 4. Susceptible BA RILs expressed a similar range of ratings (2 to 4.5) to the six races as the susceptible parents. Table 1 summarizes segregation for disease reaction among the 76 BA RILs. Cosegregation for resistance to Races 1, 5, 7, and 9, as putatively conditioned by a single gene, was observed for 38 RILs. Thirty-seven RILs cosegregated for susceptibility to Races 1, 7, and 9. These 37 RILs segregated for reaction to Race 5. One RIL exhibited resistance to Race 7 but susceptibility to Races 1 and 9, which is indicative of a recombination event among tightly linked genes with different race specificities. This putative recombinant is addressed in greater detail below. The ratio of resistant to susceptible RILs for reaction to Races 1, 7, and 9 closely fit a 1:1 ratio expected for single gene resistance segregating in an F 9 -derived RIL population.
The single gene conditioning resistance to Races 1, 5, 7, and 9 mapped to Pv04 in the BA RIL population (Fig. 1) . This gene is tentatively assigned the symbol Pse-6, pending further evidence of its novelty in tests presented henceforth. The previously mapped RAPD marker B10.525 was tightly linked with the resistance gene (1.4 cM); thus, it was converted to a SCAR marker SB10.550 (forward 5´-CTGCTGGGACAATCACCAAGTC-3´ and reverse 5´-CTGCTGGGACTCTCTTAC-3´ primers with 65°C annealing temperature and original decamer primer underlined). Although the SCAR band length (550 bp) is longer than the originating RAPD band length (525 bp), the bands cosegregated with each other and were linked (1.4 cM) with the Pse-6 gene in the BA population.
Blast searches revealed that the SB10.550 SCAR nucleotide (nt) sequence was homologous with published R gene sequence(s) for common bean located on the proximal end of Pv04. In the GenBank blast search, a major portion (nt position 35 to 547) of the complete 551 nucleotide (nt) sequence for the SB10.550 SCAR marker exhibited 99% sequence identity to the CNL-B12 (FJ817291) R gene annotated from bacterial artificial chromosome contig B4-410 complete sequence (nt position 319418 to 318906). The CNL-B12 represents 1 of 26 coiled-coilnucleotide-binding-site-leucine-rich-repeat (CNL) R BCMNV. This result indicates that the Pse-3 gene, which is known to be linked with the I gene and conditions resistance to Races 3 and 4, is present in A55. The map location for the linked Pse-3 and I genes in the BA population corresponded with previous map location (Kelly et al., 2003; Miklas et al., 2006) for these two traits on Pv02 (data not shown). Why the segregation is distorted in favor of the I gene is unknown, but distorted segregation favoring presence of the I gene is a common occurrence in recombinant inbred common bean populations .
For 36 of 37 BA RILs (one RIL was not tested because of inadequate seed supply) susceptible to Races 1, 7, and 9, 14 were resistant and 22 were susceptible to Race 5. A gene Pse-4 conditioning resistance solely to Race 5 is described by Teverson (1991) and others (Taylor et al., 1996b; Miklas et al., 2009 Miklas et al., , 2011 . This observed segregation for resistant to susceptible RILs to Race 5 did not differ significantly from the expected ratio (1:1) for single gene inheritance in an F 9 -derived recombinant inbred population. The observed segregation for reaction to Race 5 across the entire BA population fit a three resistant to one susceptible ratio expected for two independent genes (Pse-4 and Pse-6) segregating in a recombinant inbred population that condition resistance to the same Race 5.
The 36 RILs susceptible to Races 1, 7, and 9 and segregating for reaction to Race 5 was used as a subset mapping population to locate the gene (syn Pse-4) from BelNeb-RR-1 conditioning resistance solely to Race 5 on the genetic map. This gene was located on Pv10 in the BA linkage map (Fig. 1) near to the SAP6 SCAR marker, which is tightly linked with a QTL for resistance to common bacterial blight resistance . Given the small population size, the gene assignment and general location for Pse-4 on chromosome 10 needs to be verified in a larger mapping population. Using the same BA RIL population, Fourie et al. (2004) had originally placed the gene governing resistance to Race 5 on Pv04. However, this was an artifact from scoring all 76 of the BA RILs as R or S to Race 5, as if conditioned by a single gene, because they did not initially realize that the gene (Pse-6) conditioning resistance to Races 1, 7, and 9 on Pv04 also contributed resistance to Race 5.
Previously Mapped QTL in BelNeb-RR-1/A55 Recombinant Inbred Line Population
Six QTL conditioning halo blight resistance to Psp strains HB16 and HB83-Sc2A were previously identified in the BA RIL population on chromosomes Pv02, Pv03, Pv04, Pv05, Pv09, and Pv10 (Ariyarathne et al., 1999) . The QTL on Pv02 is likely associated with the Pse-3 gene linked in coupling with the I gene. The QTL on Pv04 is near where the Pse-6 gene, conferring resistance to Races 1, 5, 7, and 9, was mapped in this study. There are three R genes for resistance to halo blight on Pv10, Pse-1 (Miklas et al., 2009), Pse-2 (Miklas et al., 2011) , and the Pse-4 gene conferring resistance solely to Race 5 tentatively mapped in this study. The QTL on Pv10 in the BA RIL population is nearest the Pse-2 gene location. Colocations of the QTL with the R genes on chromosomes Pv02, Pv04, and Pv10 suggest that race-specific genes segregating in the BA population likely contributed to the quantitative resistance observed by Ariyarathne et al. (1999) to Psp strains HB16 and HB83-Sc2A. Precedence for colocation of resistance gene analogs with QTL exists in common bean for quantitative resistance to anthracnose (Geffroy et al., 2000; López et al., 2003) , angular leaf spot [Phaeoisariopsis griseola (Sacc.) Ferraris] (López et al., 2003) , and other diseases (Mutlu et al., 2006) . Similarly, Trabanco et al. (2013) identified three QTL: Psp4.1 on chromosome Pv04 and Psp6.1 and Psp6.2 on Pv06, which conditioned quantitative resistance to specific Races 6 or 7 of the halo blight pathogen. The QTL Psp4.1 was on the opposite distal end of Pv04 chromosome from where Pse-6 and the known R gene clusters reside.
BelNeb-RR-1/A55 Recombinant Inbred Line Population (Putative Recombinant Line)
One BA RIL (5-22) was an apparent recombinant within the Pse-6 gene locus, exhibiting resistance to Race 7 but susceptibility to Races 1 and 9. Selfed seed harvested from 10 individual plants from RIL 5-22 were progeny-tested for reaction to Races 1, 7, and 9. For each progeny, separate inoculations of 5 to 10 plants were conducted for each race (data not shown). Only 5 of the 10 progeny lines derived from the 5-22 RIL appeared to be true recombinants, in that the plants tested exhibited uniform resistance to Race 7 and susceptibility to Race 1 and 9. All the plants tested for one progeny line were susceptible to all three races. The other four progeny lines were susceptible to Races 1 and 9 but heterozygous for reaction to Race 7, with a segregation ratio of three resistant plants to one susceptible plant.
Interestingly, for all 10 progeny lines derived from RIL 5-22, the reactions to Race 9 were less severe, and the reactions mixed with individual plant scores ranging from 1 to 3 versus 3 to 4 for the plants tested for RILs from the BA population that were susceptible to all three races (1, 7, and 9). This result indicates the gene component conferring resistance to Race 7 in the recombinant BA RIL 5-22 has a partial effect against Race 9. However, given this variability for reaction to Races 1, 7, and 9 among the progeny lines derived from the putative recombinant 5-22 RIL, the clear presence of a second gene conditioning resistance solely to Race 7 and tightly linked with Pse-6 is not verified.
Resistance Gene Segregation in the Minuette/OSU5630 and Raven/I9365-31 Recombinant Inbred Line Populations
The R genes conferring resistance to Race 7 and Race 1, identified in the MO and R31 RIL populations (Table 2) , respectively, mapped to the same proximal end of Pv04 as Pse-6 (Fig. 1) . The gene conferring resistance to Race 7 was linked to the SB10.550 SCAR marker (7.2 cM) and simple sequence repeat marker PV-ctt001 (7.0 cM). The PV-ctt001 (Yu et al., 2000) marker is a well-established framework marker at the proximal end of Pv04 (Blair et al., 2003) . David et al. (2009) refers to this region as the subtelomere. PV-ctt001 was tightly linked (1.1 cM) with the R gene conferring resistance to Race 1 in the R31 RIL population, whereas SB10.550 was not polymorphic. A propensity for recombination leading to gene duplication in subtelomeric regions explains the presence of the R-gene cluster within this subtelomere of Pv04 . Direct allelism or linkage tests among the R genes from MO and R31 with Pse-6 locus have yet to be conducted to determine more precise genetic relationships among these R genes. On the basis of map location alone (Fig. 1 ) the Race 7 resistance gene appears to be proximal and the Race 1 resistance gene slightly distal to the location for Pse-6. This concentration of R genes for halo blight resistance within the same genomic region of Pv04 provides further support for the potential for recombination events to generate related genes with different specificities, as observed for BA RIL 5-22, which exhibited resistance to Race 7 and susceptibility to Races 1 and 9.
BelNeb-RR-1/A55 Testcrosses
The F 1 (BelNeb-RR-1/A55) were resistant to each race, indicating that the genes for resistance to Races 1, 7, and 9 and Races 3 and 4 were dominant, and at least one of the genes for resistance to Race 5 was dominant (Table 3) . The F 2 (BelNeb-RR-1/A55) data support that the individual locus that conditions resistance to Races 1, 7, and 9 is dominant, although the reaction to Race 7 did not fit a 3:1 ratio.
The observed segregation for reaction to Races 3 and 4 in the F 2 generations suggest two independent dominant genes confer resistance to these races. The Pse-3 gene is present on the basis of its complete cosegregation with the I gene in the BA RIL population; however, there is no evidence to support the presence of a second gene that conditions Reaction to Race 5 in the BelNeb-RR-1/Tendergreen F 2 population described below also fit a two independent gene model, with one gene dominant and the other recessive (Table 4 ). Similar 13:3 segregation for resistance and susceptibility to Race 5 was observed by Miklas et al. (2009 Miklas et al. ( , 2011 in UI-3/Canadian Wonder, UI-3/Tendergreen, ZAA12/Canadian Wonder, and ZAA12/Tendergreen F 2 populations.
BelNeb-RR-1/Host Differential Cultivar Allelism Tests
Occurrence of susceptible F 2 individuals to Races 1, 7, or 9 in the allelism tests between BelNeb-RR-1/UI-3 and BelNeb-RR-1/Guatemala 196-B (Table 4) clearly indicates that the dominant gene (Pse-6) in BelNeb-RR-1, which conditions resistance to Races 1, 5, 7, and 9, is independent of the Pse-1 gene present in host differential cultivars UI-3 and GT-196B, which conditions resistance to the same four races. Independence of the genes is further supported by locations on different chromosomes: Pse-1 on Pv10 (Miklas et al., 2009 ) and Pse-6 on Pv04 (Fig. 1) .
The Pse-6 gene in BelNeb-RR-1 that conditions resistance to Race 1, 5, 7, and 9 is independent of the Pse-2 gene in ZAA 12 on the basis of segregation of an F 2 plant susceptible to Race 9. In addition, Pse-2 is located on a different chromosome-Pv10. On the basis of genomic location, the gene on Pv04 is also independent of the Pse-3 gene on Pv02.
A gene (most likely Pse-4) was in common between BelNeb-RR-1 and the four differential cultivars, ZAA 54, ZAA 55, ZAA 12, and Guatemala 196-B, as determined by the lack of segregation for susceptible plants to Race 5 in the F 2 generation. The occurrence of a few susceptible plants to Race 5 for BelNeb-RR-1/UI-3 was unexpected and could be due to contamination of a Psp race from a neighboring study.
The symbol Pse-6 was approved by the Bean Genetics Committee for naming the dominant gene in BelNeb-RR-1 that conditions resistance to Races 1, 5, 7, and 9 and which is located on chromosome Pv04. Table 5 was generated to incorporate the results from this study with those of Miklas et al. (2009 Miklas et al. ( , 2011 in the context of the host-pathogen differential series developed by Teverson (1991) and Taylor et al. (1996a,b) . This table provides a historical update and will serve as a guide for discovery and characterization of subsequent R gene loci conferring race-specific resistance to Psp pathogen races causing halo blight disease in common bean.
SUMMARY
A new gene, Pse-6, for resistance to halo bacterial blight was discovered in great northern germplasm line BelNeb-RR-1. Pse-6 is similar to Pse-1 in that it conditions resistance to Races 1, 5, 7, and 9. However, Pse-6 is located on chromosome Pv04 within a well-described R-gene cluster (Geffroy et al., 2000 David et al., 2009; Miklas et al., 2006) , with known effect against bean anthracnose and bean rust, and now halo bacterial blight disease; whereas, Pse-1 resides on chromosome 10. Progeny and allelism tests confirmed that Pse-6 has dominant inheritance and is independent of the previously described genes, Pse-1, Pse-2 (Pv10), Pse-3 (Pv02), Pse-4 (tentatively located on Pv10 in this study), and pse-5 (which is part Table 4 . Comparison of expected and observed numbers of individuals segregating for R (resistance) and S (susceptible) reaction to specific races of the halo blight pathogen (Pseudomonas syringae pv. phaseolicola) in F 2 populations for allelism tests between BelNeb-RR-1 and the halo blight host differential cultivars. A putative recombination event at the Pse-6 locus was observed, as one RIL from the BA mapping population had resistance to Race 7 and susceptibility to Races 1 and 9. This putative recombinant and the presence of R-genes with resistance solely to Race 7 from Minuette snap bean and Race 1 from I9365-31 black bean located in the same proximal region of Pv04 support presence of a cluster of R genes with specificity for resistance to different races of the Psp pathogen. An R-gene cluster with specificity for resistance to different pathogens in this region is well described at the genomic level. Given the diversity for resistance in this proximal region of Pv04, breeders will need to be careful not to displace existing resistance genes within the cluster that are in repulsion phase linkage with R genes targeted for introgression. In this instance, Pse-1 might be a better choice than Pse-6 for introgressing new halo blight resistance to Races 1, 5, 7, and 9 into a susceptible breeding population. Table 5 . Interactive host-pathogen differential set for halo bacterial blight adopted from Teverson (1991) (Taylor et al., 1996a,b) , as modified by Miklas et al. (2009 Miklas et al. ( , 2011 , and updated on the basis of results from this study, consisting of nine Pseudomonas syringae pv. phaseolicola (Psp) races and seven P. vulgaris lines or cultivars and one P. acutifolius (tepary bean) differential cultivar 1072, with four additional lines from this study included, and estimated physical map location indicated for some of the resistance (R) genes. , formally listed as Pse-2 is no longer valid given the broader effect described for Pse-2 from ZAA 12 and, thus, was replaced with a question mark. The pse-5 gene in ZAA 12 conferring resistance to Race 8 is no longer listed because this resistance was conferred by the Pse-2 locus. Pse-(Race-7) and Pse-(Race-1) represent preliminary gene symbols. ‡ +, compatible (susceptible ratings from 2 to 5); -, incompatible (resistant rating of 1);-HR, incompatible reaction with severe hypersensitive response; NT = not tested; (-) = partially resistant reaction with most plants scored a 1, but also with a few plants scored above 1. § The physical map location is represented by the closest marker to the Pse gene locus. Location of the markers is based on sequence homology with the reference genome (http://phytozome.net/; http://phaseolusgenes.bioinformatics.ucdavis.edu/, accessed 3 July 2014). Note two sequence-characterized amplified regions linked with Pse-1 gene physically map to opposite ends of Pv10.
